Data from 350 herds enrolled in the Norwegian Dairy Herd Recording System (NDHRS) were used to investigate the associations between the first two cow-milk somatic cell counts (SCC) test-days' results after calving or the three last SCC test-days prior to drying off in the first lactation and the hazard ratio (HR) of clinical mastitis (CM) during the remaining first or the subsequent second lactation respectively. Altogether, 9519 first lactations and 6046 second lactations were included. Cox regression analyses adjusted for herd frailty effect were used. In the first lactation, SCC > 40 000 cells/ml on the first or second test-day was significantly associated with an increased risk of a CM event in the remaining first lactation. HR, compared with 10 000 cells/ml, increased from 1 . 6 (1 . 4) for SCC of 40 000-60 000 cells/ml to 6 . 9 (4 . 2) for SCC > 800 000 cells/ml, when using the first (second) SCC test-day in the first lactation. Cows with a geometric mean of the three last SCC test-days between 50 000 and 100 000 cells/ml and between 401 000 and 800 000 cells/ml in the first lactation had HR of CM during the second lactation of 1 . 3 and 2 . 8 respectively compared with a reference group of 10 000-20 000 cells/ml. If a CM episode in the first lactation occurred, the HR for having a CM event during the second lactation was 1 . 5. There was a significant frailty effect which disappeared if the incidence rate of CM at herd level was included in the model.
observation time for such individuals will be shorter. The best method to avoid such selection bias will be to use Cox regression models (Cox, 1972) where removals are adjusted for by censoring. Removal and treatment strategy would be linked to herd level as this is a herdsman decision. Such decision would preferably be taken early in each lactation to avoid unnecessary investment in reproductive costs. The objective of this paper was to investigate the associations between SCC test-days ' results after calving or prior to drying off and the risk of getting CM in the remaining or subsequent lactations using Cox regression analysis accounting for herd frailty effect.
Materials and Methods

Details of the herds and the cows in this study
Monthly SCC test-days' records from 350 herds during the period 1999-2003 were used. The dataset is the same as dataset 2 described by Whist & Østerås (2006) .
In Norway, all antibiotic-treated CM cases are recorded by veterinarians and reported by the farmer or advisors to the Norwegian Dairy Herd Recording System (NDHRS). CM cases included severe, moderate and mild cases according to the International Dairy Federation (1999) . These data were extracted from the NDHRS data base: herd ID, individual ID, calving day, culling day, day of treatment for all CM cases and all SCC test-days' records in the first lactation including the day of sampling.
All models in the different datasets were prepared for Cox regression analyses with the censoring day defined as 15 d before the second calving (third calving in dataset 3), culling day or 547 d in milk (DIM). The limit of 547 was the limit for the 95 % percentile of all lactation lengths in the dataset.
Dataset 1: Association between the first SCC test-day after calving in the first lactation and CM in the remaining first lactation Model 1. All first parity cows with at least one SCC test-day taken before 66 DIM included 9364 lactations. Owing to a logical error in the CM records 12 lactations were deleted, and additionally 33 lactations were deleted owing to SCC test-day taken at the day of calving. The final dataset 1 consisted of 9319 lactations. The time from the first SCC test-day till the first CM occurrence was used as dependent variable. Independent variables were CM occurring between 15 d before the first calving and the first SCC test-day, the natural log of the DIM (lnDIM) at the first SCC test-day and the first SCC test-day result transformed as ordinary dummy variables as indicated in Table 1 . SCC levels reflect an approximate log scale and the reference group was set to 10 000 cells/ml.
Model 2. A second model, extracted from dataset 1, was made to evaluate potentially threshold levels for the SCC/CM association. Interactions between these thresholds levels and CM before the first SCC test-day were also evaluated. Dependent and independent variables were the same as in model 1 except that the SCC levels on the first SCC test-day were transformed to hierarchic dummy variables according to Walter et al. (1987) , where code 1 represented values above and code 0 represented values below the threshold. Dummy variables are an elegant way to identify whether threshold values exist in biological processes. The full model was reduced by removing all the hierarchic dummy variables and the potential interactions one by one until all had a P value < 0 . 10 ; P <0 . 10 was chosen to include any nonsignificant variables that could be a confounder or that might possibly be significant with a larger sample size.
Dataset 2: Association between the first two SCC test-days after calving in the first lactation and CM in the remaining first lactation Model 1. Dataset 2 consisted of the same observations as in dataset 1, but it also included the second SCC test-day after calving. This second SCC test-day had to be taken before 66 DIM. From the 9319 observations in dataset 1, 1812 observations were excluded owing to second SCC test-day values above 66 DIM. Thus the final dataset 2 included 7507 observations. The dependent variable was the time from the second SCC test-day until the first CM. Independent variables were the same as in dataset 1, also including, however: CM events between the first-and the second SCC test-day and the second SCC test-days presented as ordinary dummy variables as indicated in Table 2 . The reference group was set to 10 000 cells/ml. Both the first and the second SCC testday results (used individually or combined) were tested in separate models, as well as the geometric mean of the two results.
Model 2. Model 2 was performed with the best fitted model from model 1, using the same procedures as for dataset 1, model 2.
Dataset 3: Association between the geometric mean of the three last SCC test-days prior to drying off in the first lactation and CM in the subsequent second lactation Model 1. Based on dataset 1, we extracted 6369 lactations that also had a second calving date available together with SCC information throughout their first lactation. Based on these criteria, 9 observations were excluded because of lack of SCC information, 282 were excluded because first lactations exceeded 547 d and 32 lactations were excluded because of abnormally short first lactations ( <300 d). The final analyses consisted of 6 046 observation. The dependent variable was the time Clinical mastitis and somatic cell count from 15 d before the second calving till the first CM in the second lactation. The independent variables were: CM events occurring in the first lactation divided into intervals: <3 DIM, 3-55 DIM, 56-189 DIM and >189 DIM, and the three last SCC test-days prior to drying-off in the first lactation transformed as ordinary dummy variables as indicated in Table 3 . The reference group was set to 10 000-20 000 cells/ml. Both the last, second-last and third-last SCC test-day results (used individually or combined), as well as the geometric mean of the three results, were evaluated in separate models.
Model 2. Model 2 was performed with the best-fit model from model 1. The same procedures as for dataset 1, model 2 were followed.
Datasets 4.1, 4.2 and 4.3. Final models from datasets 1, 2 and 3 including milk yield at test-day, herd level incidence rate of CM and bulk milk somatic cell count (BMSCC)
This dataset was constructed to determine whether there were any confounding effects of milk yield on test-day, incidence of CM at herd level and BMSCC. As 6 herds were missing milk yield information on the test-day, dataset 4.1 included 9082 observations, dataset 4.2 included 7386 observations and dataset 4.3 included 5844 observations. The herd incidence of CM, from the 344 herds, was estimated as the mean number of CM cases divided by the number of cow-years during the years 1999, 2000 and 2001. The mean geometric mean of BMSCC for the same years was also included. In model 4.3, milk yield at test-day was exchanged with accumulated 305 DIM lactation milk yield in kg. Any independent variable or frailty effect with P <0 . 10 was removed from the model.
Statistical models
The Cox regression model (Cox, 1972) using PROC PHREG with herd as a random effect and a positive stable frailty model available as a SAS macro (Shu & Klein, 1999; Shu & Klein, 2005) was used. The fit of the model was evaluated by plotting the deviance residuals and for proportional hazard assumption according to Allison (2000) . The final model assessment fit was evaluated by comparing the log likelihood for the full model with the log likelihood of the partial model. The significance of the frailty effect was assessed by likelihood ratio of independence assumption H0: Theta (h) = 1. The frailty effect equals the strength of association between two individuals within the same herd, measured by Kendall's t is (1 -h), and was judged significant when P <0 . 05 by Chi-square statistics (Shu & Klein, 2005) . 
Results
Mean herd size was 20 . 4 cows (SD =13 . 7), the mean annual milk yield 6470 l (SD = 758) per cow-year and the mean BMSCC 116 000 cells/ml (SD = 38 000).
Dataset 1: Association between the first SCC test-day after calving in the first lactation and CM in the remaining first lactation Model 1. During the first lactation, 10 . 5 % (978 events) of the cows experienced at least one CM event after the first SCC test-day. Variables that were significantly associated with the hazard of CM during the remainder of the first lactation are presented in Table 1 . All levels in the upper part of the table are compared with the baseline of 10 000 cells/ml. The herd frailty effect was significant with a theta value of 0 . 82.
Model 2. Variables with a P value < 0 . 10 included in the final model are also presented in Table 1 . Two SCC levels, >40 000, >200 000 had a significantly higher HR compared with its lower level. Figure 1 illustrates the different survival curves for the different categories. HR for CM in the remainder of the first lactation are; 1 . 43 * 1 . 34 = 1 . 92 for a cow with a SCC > 41 000 cells/ml and CM records compared with a cow having no CM before the first test-day and a SCC < 40 000 cells/ml. Table 2 . The model was evaluated with both first and second SCC included; however, only the second test-day SCC was significantly associated with CM. The frailty effect was significant with theta = 0 . 86.
Model 2. The final hierarchic model is also presented in Table 2 . Three SCC levels, >40 000, >200 000 and >400 000 cells/ml had significantly higher HR than the lower level.
Dataset 3: Association between the geometric mean of the three last SCC test-days prior to drying off in the first lactation and CM in the subsequent second lactation Model 1. During the second lactation, 19 . 5% (1177 events) of the cows experienced at least one CM event.
Variables significantly associated with the hazard of CM in the succeeding second lactation are presented in Table 3 . The herd frailty effect was significant with theta = 0 . 89. Model 2. Estimates of the final model are also in Table 3 . The geometric mean of the three last SCC test-days levels, > 20 000, > 150 000, > 400 000, had a significantly higher HR than the lower level, while the last one (> 800 000) was associated with a decrease of HR for CM in the second lactation compared with those > 400 000.
Datasets 4.1, 4.2, 4.3, including milk yield, incidence of CM and BMSCC
The inclusion of milk yield did not change the associations between SCC and CM. However, including the herd CM incidence revealed that the effect of CM before the first test-day was absorbed into the association of CM incidence rate at herd level, and the frailty effect was no longer significant. BMSCC at herd level had a slightly negative association with the hazard of CM in second parity, but not in first parity Table 4 .
Discussion
We expect a CM treatment decision to be herd-dependent since treatment is primarily a decision based on more or less subjective motives influenced by several economic variables. To account for this effect, we used the macro of Shu & Klein (2005) to adjust for the frailty effect at herd level. The results confirmed a very significant frailty effect. When comparing results without including the frailty, we found that association of an earlier CM episode would be overestimated and the association with SCC would be underestimated. The lowest SCC levels, < 50 000 cells/ml, were not significant without implementing the frailty effect in the model. The results from the models where the herd incidence of CM was included, illustrate that the frailty effect was very closely linked to the general incidence rate of CM at herd level. However, neither inclusion of milk yield at the test-day nor the CM incidence rate influenced the association between SCC and CM at cow level as long as the frailty effect or CM incidence rate was included in the model. Our results demonstrate that the association between SCC and later CM starts already around 40 000-50 000 cells/ml. The results agree with those of , who also used Cox regression analyses with frailty effect included. Our study differs that of from in the following particulars: French-Holstein v. Norwegian Red Cattle, mean herd size, 78 cows v. 20 cows, and the mean milk yield. Since the results are more or less the same, more universal conclusions can be drawn. Our results are also in agreement with Coffey et al. (1986) who studied 30 commercial herds where differences among initial classes for rates of infection in first and subsequent lactations consistently favoured low initial SCC, regardless of the lactation stage at which SCC was measured. Ingvartsen et al. (2003) described that mastitis was the only disease that showed a clear relationship between milk yield and risk of disease. They concluded that continued selection for higher milk yields would worsen this situation as clearly documented by Heringstad et al. (2003) . Their findings are also supported by Windig et al. (2005) who found that higher milk yield resulted in higher SCC peaks. According to the results of these studies, milk yield could be a confounder for the association between SCC and CM. Our results, however, illustrate no such confounding. The first SCC test-day and lnDIM at the first SCC test-day were significantly associated with an increased risk of CM in the remainder of the first lactation. This means that the same level of SCC will be associated with a lower HR early in the first lactation compared with test-days' results taken later during the first lactation months. This result is in agreement with the finding of Whist & Østerås (2006) who showed a stronger association between the first SCC test-day results and future SCC if the first test-day was taken after 14 DIM.
There was a tendency for interaction between CM before the first SCC test-day and SCC, although not significant. This is reasonable since the SCC level is not expected to return to normal levels before approximately 3 weeks after an inflammation (Pyö rälä, 1988) . If herd incidence of CM was introduced in the models, all associations to CM before the first test-day have to be excluded from the final model (P >0 . 10). This illustrates that the association must have been absorbed by the herd incidence of CM. Individual level variables should be preferred in the decision as they would give more relevant information of one single cow.
Several studies report that low SCC is associated with an increased rate or severity of CM (Schukken et al. 1999; Suriyasathaporn et al. 2000; Peeler et al. 2003 ; Green et al. 2004 ). Schukken et al. (1999) experimentally challenged a total of 135 cows with Staphylococcus aureus. A higher pre-challenge quarter SCC decreased the risk of infection, and an infection with Corynebacterium bovis prior to challenge decreased the risk of Staph. aureus infection. The study focused on the second line of defence, and found that the presence of SCC, minor pathogens, or both, provided some protection against major pathogens. Under natural conditions, low SCC may reflect an efficient first line defence such as anatomical barrier which minimizes the risk of introduction of mastitis pathogens. Presence of SCC, minor pathogens, or both, may provide some protection against major pathogens after the first line of defence (teat orifice and canal) is no longer involved. Studies performed under natural conditions, on cow-level, do not support the importance of this (Coffey et al. 1986; Beaudeau et al. 1998 ; .
The Norwegian herds have Staph. aureus and Streptococcus dysgalactiae as the most prevalent microbes (Østerås et al. 2006) . Some researchers have analysed the relationship between SCC patterns and pathogen-specific CM (Suriyasathaporn et al. 2000; de Haas et al. 2002 ). De Haas et al. (2002 showed that Escherichia coli infections have high SCC peaks, but are short lived, while before a Staph. aureus infection, average SCC was already high, and it remained high after the occurrence. Suriyasathaporn et al. (2000) did a study in one herd with a specific Esch. coli mastitis problem. They identified that cows with low SCC were more susceptible to Esch. coli mastitis. This could indicate that this effect could be present with specific bacteriological problems. Future studies are needed to evaluate more closely the potential differences between different pathogens. Such studies should include bacteriological diagnosis of CM, which was not available in this study.
There may be many reasons why studies carried out at herd level have provided similar (Berry, 1994) or contradictory results (Erskine et al. 1988; Elbers et al. 1998; Beaudeau et al. 2002) to our study. If the study is performed at herd level, it is not possible to state that the cows with low SCC are the ones experiencing CM. It could as well be the management of high SCC cows in low BMSCC herds that is the reason why the BMSCC is low. Results in Table 3 indicate that this is the cause also in our study, where there was an association between increased HR of CM and increased SCC at cow level at the same time as the opposite trend is seen when including in the models the BMSCC at herd level. We consider analyses at cow level to be much more appropriate and closer to the biological mechanism than analyses conducted at herd level. Herd level will always have the possibility of ecological fallacy. It would be even more preferable to do such analyses at the quarter level as Schukken et al. (1999) did. Such trials should preferably include natural infection at quarter level where both primary and secondary levels of defence are involved. However, such data are very costly and often not available at a practical farm level.
Our results indicate a significant association between increased SCC already > 40 000 cells/ml and increased HR of later CM at least up to 800 000 cells/ml. It could be argued that high SCC might motivate the farmer to treat subclinical mastitis owing to risk of losing premium BMSCC. This could be the case for cows at very high level (>400 000 cells/ml) but not at levels below the Norwegian premium class, at present < 230 000 cells/ml. This indicates that the results from 40 000 up to 200 000 cells/ml have a biological and not a management reason. The association is even stronger taking frailty effect at herd level or incidence rate of CM at herd level into account.
